This paper presents a balanced tropical cyclone (TC) test case designed to improve current understanding of how atmospheric general circulation model (AGCM) configurations affect simulated TC development and behavior. It consists of an analytic initial condition comprising two independently balanced components. The first provides a vortical TC seed, while the second adds a planetary-scale zonal flow with height-dependent velocity and imposes background vertical wind shear (VWS) on the TC seed. The environmental flow satisfies the steady-state hydrostatic primitive equations in spherical coordinates and is in balance with other background field variables (e.g., temperature, surface geopotential). The evolution of idealized TCs in the test case framework is illustrated in 10-day simulations performed with the Community Atmosphere Model, version 5.1.1 (CAM 5.1.1). Environmental wind profiles with different magnitudes, directions, and vertical inflection points are applied to ensure that the technique is robust to changes in the VWS characteristics. The wellknown shear-induced intensity change and structural asymmetry in tropical cyclones are well captured. Sensitivity of TC evolution to small perturbations in the initial vortex is also quantitatively addressed to validate the numerical robustness of the technique. It is concluded that the enhanced TC test case can be used to evaluate the impact of model choice (e.g., resolution, physical parameterizations) on the simulation and representation of TC-like vortices in AGCMs.
Introduction
Improving the ability of atmospheric general circulation models (AGCMs) to model various weather systems is crucial as they are increasingly used to understand the current climate state and predict its future change. The use of observations to evaluate AGCM components (e.g., physical parameterizations) and model intercomparisons are important steps in this direction, but are not straightforward because of the inherent complexity of AGCMs. A series of test cases (e.g., Jablonowski and Williamson 2006a; Reed and Jablonowski 2011a, hereafter RJ2011; Reed and Jablonowski 2012) have been designed for the purpose of testing new model components and configurations in a reduced complexity system. They are analytic in form and based on four principles: deterministic, easyto-use, relevant to typical atmospheric phenomena, and applicable to a wide variety of model formulations and grids (Jablonowski and Williamson 2006a) .
Modeling tropical cyclones in a global climate model is a challenging task. Whether GCMs with current resolutions are appropriate tools to investigate tropical cyclone activity, and to what extent they are capable of simulating aspects of observed TC activity, is still debated even though they have demonstrated a continuously improving skill in generating realistic TC characteristics (Walsh et al. 2015) . A horizontal grid spacing of 2 km or less has been suggested to explicitly resolve the important physical processes within TCs, and hence better represent the storm intensity (Gentry and Lackmann 2010) . Rotunno et al. (2009) also show that simulations with grid spacing less than 100 m capture more realistic turbulent eddies consistent with observational results (Bell and Montgomery 2008) . Use of 2-km grid spacing or finer is not computationally feasible for current GCMs. Though model development focuses on grid spacing of 0.258 or approximately 28 km (Bacmeister et al. 2014) , production runs typically use horizontal grid lengths of 50 km or larger (IPCC 2013) . Simulations run at relatively coarse resolution generally underestimate storm intensity (Randall et al. 2007; Strachan et al. 2013 ) and cannot accurately reproduce the track density (Zarzycki and Jablonowski 2014) .
A GCM-based tropical cyclone (TC) test case was designed by RJ2011, aiming to improve the representation and simulation of TCs in AGCMs. It consists of a single balanced warm-core vortex seed embedded in a quiescent tropical environment on an aquaplanet. After 10 simulated days, the initial vortex seed grows into a mature tropical cyclone-like vortex. By replacing the model initial condition with an idealized setup and retaining the full three-dimensional model configuration (e.g., model resolution, physical parameterizations, dynamical core), the analytic TC test case has been demonstrated to successfully reveal the influences of model design on TC structure and evolution (RJ2011; Reed and Jablonowski 2011b,c) and aid in understanding the differences in simulated TCs among different climate models. For example, Reed and Jablonowski (2011b) found that inclusion of a new dilute entraining plume assumption in convective available potential energy (CAPE) calculation is responsible for stronger and larger TCs in the Community Atmosphere Model, version 4 (CAM4), compared to CAM3.
Despite these successes, an important limitation of RJ2011's test case is that the initial vortex seed is placed into an environment completely free of background vertical wind shear (VWS). VWS, commonly expressed as the difference of the horizontal wind between 200 and 850 hPa, is known to be a key environmental variable that affects the genesis and intensification of TCs (Gray 1968; DeMaria 1996; Ritchie 1999, 2001; Riemer et al. 2013; Rogers et al. 2013) . It also provides a possible dynamical connection between Atlantic major hurricane activity and remote atmospheric patterns such as El Niño-Southern Oscillation (Goldenberg and Shapiro 1996) . Furthermore, Zhang and Tao (2013) showed the vertical wind shear affects the predictability of tropical cyclones, and larger shear magnitude leads to larger uncertainty of prediction. Moreover, very few observed TCs develop in a zero wind shear environment; therefore, incorporating VWS can provide more realistic and relevant TC simulations and enable tests of how the large-scale environmental flow affects the development of TC structure in climate models. The goal of this study is to present a technique for adding background vertical wind shear to the TC test case that successfully simulates wind shear effects on TC development.
Vertical wind shear and tropical cyclones
The effect of VWS on TC genesis and development is dependent on its magnitude and direction. Large wind shear (e.g., 15 m s 21 ) inhibits tropical cyclone genesis (e.g., Goldenberg et al. 2001; Emanuel and Nolan 2004) and is detrimental to the intensification of developed TCs (e.g., Gray 1968 Gray , 1975 Zehr 1992; DeMaria et al. 2001; Zehr 2003) . Small or moderate shear is believed to either have little impact, or perhaps even be beneficial to TC intensification (Gray 1975; Tuleya and Kurihara 1981; Wong and Chan 2004; Paterson et al. 2005; Nolan and McGauley 2012) , although other studies have shown contradictory results (e.g., Zeng et al. 2010; Ge et al. 2013) . Westerly shear tends to reduce TC intensity more than easterly shear does for a given shear magnitude (Tuleya and Kurihara 1981; Bender 1997; Black et al. 2002; Frank 2007, hereafter RF2007; Zeng et al. 2010 ). RF2007 proposed a beta shear theory to explain this difference. Their study showed that a northwestward beta shear will be induced with variable Coriolis parameter f , which can either partially offset the environmental easterly shear or reinforce the westerly shear. The impact of VWS on TC genesis and intensification is commonly explained by the venting theory (Simpson and Riehl 1958; Gray 1968; Jones 1995; Smith et al. 2000; Frank and Ritchie 2001; Schecter et al. 2002; Reasor et al. 2004; Tang and Emanuel 2010) . Simpson and Riehl (1958) and Gray (1968) hypothesized that storm development is inhibited by the shear-induced loss of heat and moisture in the upper-level warm core. Frank and Ritchie (2001) showed that ventilation at the upper levels of the eye reduced the storm pressure anomaly in three-dimensional numerical simulations. The ventilation theory first addresses the kinetics of the interaction between vortex and environmental VWS, specifically the vertical resilience of storms in shear. It mainly involves two explanations: the tilt of the potential vorticity column by differential vertical background flow (Jones 1995; Smith et al. 2000) , and the generation of lowwavenumber asymmetries (Schecter et al. 2002; Reasor et al. 2004 ). The theory then explains how ambient air of low entropy interferes with the energetics of tropical cyclones and thus weakens the storms from a thermodynamic perspective. Tang and Emanuel (2010) identified two possible pathways for it: inward dry air through the radial inflow and midlevel intrusion of low entropy air into the eyewall.
In addition to the ventilation theory, DeMaria (1996) hypothesized a midlevel warming theory. A third explanation suggests that shear-induced persistent asymmetries in the TC core weaken the mean secondary radial circulation through eddy momentum fluxes (Wu and Braun 2004) . In recent years, Riemer et al. (Riemer et al. 2010; Riemer and Montgomery 2011; Riemer et al. 2013 ) developed a new framework and showed that the inflow layer of the storm is persistently intruded upon by shear-induced downdrafts, which are composed of relatively cool and dry air.
Independent of the mechanism, the aforementioned studies suggest that incorporating vertical wind shear is important if idealized TC simulations are to be used in GCM diagnosis and development. The objective of this study is to present an extension of the approach of RJ2011 that includes the effects of background vertical wind shear. Note that the intent of such a test case is primarily for a more accurate model evaluation and intercomparison rather than the development of tropical cyclone theory. Our work is organized as follows. Section 2 describes the prescribed wind profile, the analytic technique used to add background wind shear, the National Center for Atmospheric Research (NCAR)/ Department of Energy (DOE) CAM and the simulation design. Section 3 presents the results of idealized TC simulations with different shear profiles. Section 4 draws conclusions and discusses the implications.
Model and methodology

a. Prescribed wind profile
The wind profile is constructed to be similar to that shown in Fig. 4 of Frank and Ritchie (1999) , and its mathematical formula is
where y is the meridional wind, and is set to zero; u(u, h) is the zonal wind, a function of the latitude u and vertical location h with h 5 p/p s ; h y is defined as h y 5 6(1 2 h) 2 3:0; p is pressure; and the surface pressure p s is initially set to the reference pressure p 0 5 1000 hPa. An additional factor of cosu is introduced in Eq.
(1) to taper the background zonal wind to zero at the poles. The wind speeds u 0 and u 1 both are tunable constants. The term u 0 controls the amplitude and direction of the vertical wind shear. When u 0 is positive, it represents westerly shear; when u 0 is negative, it represents easterly shear. A larger magnitude of u 0 leads to larger vertical shear. The term u 1 controls the magnitude and direction of the mean background flow: positive u 1 denotes westerly mean flow and negative u 1 denotes easterly mean flow. The term u 1 cosu does not vary with height and thus does not produce vertical shear itself. It affects the shear by changing the shape of the wind profile u(u, h). When u 1 is zero or has the same sign as u 0 , the direction of the zonal wind is the same across all vertical levels. The shear produced by such a wind profile is called unidirectional shear in this paper. When u 1 is nonzero and has the opposite sign of u 0 , the direction of the zonal wind changes with height; either from low-level westerly to upper-level easterly, or from low-level easterly to upper-level westerly, depending on the sign of u 0 . The shear produced by such a wind profile is called nonunidirectional shear, also referred to as counter-aligned orientation of surface mean wind and shear in Rappin and Nolan (2012) . For example, let u 1 5 2u 0 (u 0 . 0), and u 5 u 0 cosu tanhh y . The result is a wind profile with low-level easterly and upper-level westerly flow, which we refer to as nonunidirectional westerly shear. The zonal wind is zero at 500 hPa in this case. With predetermined u 0 , one can control the vertical position of the zero point in the zonal wind profile by controlling the value of u 1 via the relationship u 0 cosu(1 1 tanhh y ) 1 u 1 cosu 5 0. The position at which the zonal wind goes to zero is referred to the vertical inflection point in this paper. The magnitude of the vertical wind shear is typically measured as the difference of the zonal wind at 850 and 200 hPa averaged at a given radius (e.g., 500-km radius) from the TC center or in an annular region around the vortex center (Emanuel 2000; Zehr 2003; Zeng et al. 2008; Nolan and Rappin 2008) . Here, we follow the procedure used by Zeng et al. (2008) , and define the shear as an annular average within 58 latitude around the TC center, which is defined by the location of surface minimum pressure. . They are numbered as 1) unidirectional westerly, 2) unidirectional easterly, 3) nonunidrectional westerly, and 4) nonunidirectional easterly. The additional zonal mean flow in cases 3 and 4 can act as a translational flow that influences the movement of the vortex. The parameters for these examples are listed in Table 1 .
b. Idealized initial conditions with background vertical wind shear
With the exception of the inclusion of vertical wind shear and its effect (via thermal wind balance) on the meridional temperature gradient, the methodology used to construct the TC initial conditions is identical to that described by RJ2011. Modifications to the RJ2011 method that are required by the introduction of VWS are presented here. Given a prespecified wind shear profile [Eq. (1)], the goal is to derive an analytic, balanced set of initial conditions that satisfies the steady-state hydrostatic primitive equations (the full derivation is presented in the appendix). The total virtual temperature field T is represented as
where l is the longitude, T 0 is the sea surface temperature (set equal to 302.15 K in our simulations), and G is the user-adjustable virtual temperature lapse rate with units of K m
21
. The height z(h) is derived from the hydrostatic relationship and is represented as z(h) . Recall that h 5 p/p s with p s 5 p 0 initially. Given a specified shear profile, the thermal gradient wind balance TABLE 1. Summary of the numerical experiments and the values of u 0 , u 1 , and G (background basic vertical lapse rate) for each simulation. The term u 0 controls the direction and magnitude of wind shear; u 1 represents the direction and magnitude of vertically constant mean flow, and thereby controls the vertical inflection point of the wind profile; and G is tuned to adjust the environmental lapse rate at the center of the initial vortex seed (108N, 1808) to be consistent with the control run. Several decimal numbers are retained for the sake of accuracy. (''Uni.'') easterly shear, case 3: nonunidirectional (''Non-uni.'') westerly shear, and case 4: nonunidirectional (''Non-uni.'') easterly shear. Note, unidirectional and nonunidirectional actually describe whether the wind profile that produces the shear changes direction with height or not.
Shear direction Shear magnitude (m s
requirements lead to the virtual temperature perturbation T*:
where a is the radius of the earth with a value of 6:371 22 3 10 6 m and V 5 7:292 115 3 10 25 s 21 is the rotational speed of the earth.
The surface geopotential in balance with the virtual temperature distribution in Eq. (2) is given by
The appendix explains the details of the derivation. The methodology was first used in the derivation of a baroclinic test case (Jablonowski and Williamson 2006b) . Figure 2 shows the wind and temperature fields from the extended test case using the unidirectional westerly 10 m s 21 shear case. Figure 2a is the longitude-height cross section of the zonal wind at 108N (the latitudinal center of the vortex seed). Figure 2b shows the latitude-height cross section of the zonal wind at 1808 (the longitudinal center of the vortex). The asymmetric structure, especially at high levels, reflects the effects of the superposition of the environmental flow onto the vortex seed. Figure 2c shows the longitude-height cross section of wind speed at 108N. The radius measures the longitudinal distance to the storm center. It represents the overall vortex structure overlaid with sheared environmental flow. Figure 2d shows the temperature at 500 hPa. The horizontal environmental temperature gradient can be clearly seen, as well as the TC warm core. Figure 2e depicts the surface geopotential. Its horizontal gradient is in balance with the environmental wind. To compare it with the initial condition without wind shear, Fig. 2f shows the longitudinal-height cross section of the initial vortex seed without a background flow so that the impact of the background flow ( Fig. 2c ) is highlighted. For descriptions of other initial conditions with zero wind shear, we refer readers to RJ2011.
c. Description of the CAM 5.1.1 in aquaplanet mode
The model chosen for our test experiment is the NCAR/DOE CAM, version 5.1.1 (Neale et al. 2010) . All simulations use the finite-volume (FV) dynamical core and default CAM 5.1.1 physical parameterizations: the Zhang and McFarlane (1995) This horizontal grid spacing is equivalent to approximately 55 km in the equatorial region. It has been used to simulate tropical cyclones in a similar version of CAM5 without VWS (Reed and Jablonowski 2011c) , and is equal to, or finer than, the resolution of the models used in the recent Intergovernmental Panel on Climate Change Fifth Assessment Report (Stocker et al. 2013) . It should be noted that there is in theory no limit to the horizontal resolution in our initial conditions. The model is run with 30 vertical levels, with the model top located at approximately 2 hPa. The time step for the dynamical core is 90 and 900 s (15 min) for physical parameterizations. The initial background surface pressure p s is set to 1000 hPa and the specific humidity at the surface q 0 is adjusted to 21.3 g kg 21 to
ensure that the surface relative humidity is consistent with the control run proposed in RJ2011. With the exception of the background temperature, wind, and surface geopotential field, the model and vortex seed parameters are identical to the simulation described in RJ2011. The model is run on an aquaplanet with constant sea surface temperature of 302.15 K. The equinox solar constant is set equal to 1365 W m
22
. Atmospheric constituents (e.g., ozone, carbon dioxide, methane, etc.) are prescribed and distributed symmetrically about the equator. The geophysical constants (e.g., the earth's rotation rate) are prescribed in the aquaplanet experiment and set to default values. These settings are described in the appendix of Blackburn and Hoskins (2013) .
d. Simulation design
The effects of changes in shear magnitude, direction, and inflection point on TC development are examined using simulations initialized from 12 different wind profiles (Table 1) that unidirectional shear refers to cases in which the horizontal direction of the wind does not change throughout the depth of the atmosphere, and the shear is caused only by the change of wind magnitude. Nonunidirectional shear means that the horizontal direction of the wind changes from low to high levels in the troposphere, and the shear is caused by changes in both wind magnitude and direction.
Note that the introduction of shear leads to a meridional temperature gradient via the thermal wind balance, and as such the virtual temperature lapse rate varies with latitude. For consistency and to facilitate comparison of the results, all simulations are standardized by adjusting the constant background vertical lapse rate G so that the total lapse rate is identical at the center of the initial vortex seed, which is at 108N, 1808. This leads to a slight change of G for different shear cases. The T*(l, u, h) in Eq. (2) is retained and computed using Eq. (3). Table 1 gives the values of u 0 , u 1 , and G for all simulations. Except for wind shear and changes mentioned above ( p s 5 1000 hPa and q 0 5 21:3 g kg 21 ), all other parameters that define the vortex seed are the same as those used in the control run in RJ2011. Each of the 12 simulations in Table 1 is supplemented with 8 additional perturbation runs (96 total perturbation runs), making the total number of simulations in this study 108. Use of nine-member ensembles gives insight into the robustness of the model simulations for each profile. Each perturbed simulation is created by imposing a small initial perturbation on the position of the vortex seed (108N, 1808) using the method described by Zarzycki et al. (2014) . Specifically, for the perturbation runs, the center of the vortex seed is placed at (9.58N, 179.58E), (9.58N, 180.08), (9.58N, 179.58W), (108N, 179.58E), (108N, 179.58W), (10.58N, 179.58E), (10.58N, 180.08), and (10.58N, 179.58W), respectively. Note that the intensity, track, vertical structure, precipitation rate, and vertical velocity fields in later section are all ensemble means.
Results
a. Unidirectional westerly shear
The model is first run with unidirectional westerly shear of various magnitudes to examine its impact on simulated TC intensity, track, vertical structure, precipitation distribution, and convective activity.
The simulated intensity evolution (Figs. 3a,c) and the vortex track (Figs. 3b,d ) over 10 days are shown. The intensity is calculated as the maximum wind speed at 100 m above the surface and the vortex center is defined to be the location of the minimum surface pressure. The intensity calculation is consistent with the method used by RJ2011. From Fig. 3a , weak (1 m s 21 ) wind shear stimulates earlier intensification and produces comparable intensity at days 8-10 compared to a simulation run without shear. Moderate (5 m s
21
) shear also stimulates earlier intensification but produces a weaker mature tropical storm (days 7-10) compared to the noshear case. Strong shear of 10 m s 21 inhibits the storm development and greatly reduces the simulated intensity. Very strong wind shear of 15 and 20 m s 21 completely prevents the vortex seed from intensifying. The intensity in these two cases, which should not be interpreted as storm intensity, is calculated as the maximum wind speed in a square region enclosing the remnants of the vortex. The changes of TC development under various shear magnitudes are consistent with both previous simulation and observational studies (Gray 1975; Wong and Chan 2004; Paterson et al. 2005; Nolan and McGauley 2012) , which found that weak and moderate wind shear does not have a strong detrimental effect on tropical cyclone genesis and intensification, while strong shear greatly inhibits TC development. The track of the simulated tropical cyclone-like vortex (Fig. 3b) is also modulated by wind shear. The westerly background wind advects the vortex seed eastward. Without shear and the associated background steering flow, the beta effect (Holland 1983) will move the vortex northwestward in the Northern Hemisphere. In the presence of westerly wind shear, the eastward movement caused by vortex advection in the background zonal wind tends to offset the westward movement due to the beta effect. As shear reaches 5 m s
, advection and beta drift cancel, and the cyclone moves directly north (Fig. 3b) . In the high shear cases, the beta drift is completely overwhelmed because the vortex is too weak to have any appreciable beta drift; therefore, the vortex center is advected along with the background flow (toward the east) in these cases. Note, no track is shown for wind shears of 15 and 20 m s 21 as the vortex seed breaks in response to the strong shear. The translational speed of the vortex changes as the track changes. Vertical wind shear and translation speed are widely believed to be key factors affecting tropical cyclone intensity (Chen et al. 2006; Zeng et al. 2008) ; however, these are commonly treated separately when discussing their impact. Our work suggests that vertical wind shear works in concert with the translation speed. It is difficult to decouple the effect of the two when shear is present. Figure 3c shows that the standard deviation of the vortex intensity ensemble for each shear case is within is relatively large in the early stage. Together with early intensification of those two shear cases seen in Fig. 3a , it implies that weak or moderate shears can have more impacts on early TC development. Interestingly, the simulations without shear tend to have relatively larger spread than sheared cases in both intensity and track. Noticeable shear impact on TC development can be further confirmed in the mean vertical structure (Fig. 4) averaged over the mature stage (days 9-10), among vortices that develop in a sheared environment. Compared to the no-shear case (Fig. 4a) In addition to the cyclone track and intensity, we also examine the effect of shear on the precipitation distribution and convective activity during the mature stage. The shear-induced asymmetric precipitation distribution is well captured (Fig. 5) . In the no-shear case, the maximum rainfall occurs in the right side relative to the direction of movement (black arrow). The maximum rainfall occurs in the downshear-left (DSL) quadrant in the 1 (Fig. 5b) , 5 (Fig. 5c) , and 10 m s 21 (Fig. 5d) cases.
The maximum in the 10 m s 21 shear case (Fig. 5d) is not as clearly evident; however, close inspection reveals more rainfall to be concentrated in the DSL quadrant. These results are consistent with observational studies, which show that the maximum rainfall rate varies with storms and often occurs in the DSL quadrant (Cline 1926; Marks 1985; Burpee and Black 1989; Chen et al. 2006) . Ueno (2007) also shows that the shear-induced rainfall asymmetry is related to the vortex strength in both observational analysis and numerical modeling studies. The total precipitation is calculated as accumulated rainfall (where the precipitation rate exceeds 2 mm h 21 ) over the last 48 h integrated over the tropical cyclone-like vortex region as circled by the black solid line in each plot. It is tabulated in the lower-left corner of each plot in Fig. 5 . In general, the total rainfall is correlated to TC strength. The three storms with no/weak/moderate shear exhibit substantially higher (Fig. 6a) , convective activity is increased along the shear direction in the 1 (Fig. 6b ) and 5 m s
( Fig. 6c ) cases, and reduced in the upshear portion, as indicated by the 21.0 Pa s 21 isotach. It has also been shown that wind shear induces asymmetric structure changes with respect to the eye center (Frank and Ritchie 1999) . Shear tends to initiate stronger convection activity along the shear direction and suppresses the convection in the upshear direction as seen here. For strong shear (10 m s 21 ), the convection in both upshear and downshear directions is greatly inhibited, which is consistent with the changes in intensity, vertical structure, and precipitation distribution noted earlier.
b. Unidirectional easterly shear and nonunidirectional shear
The results presented in the previous section show that the effect of unidirectional westerly shear on tropical cyclones can be reasonably represented in our idealized simulations. We now examine the effect of differing shear direction and vertical inflection point of the wind profile. Specifically, we compare four types of shear cases: 1) unidirectional westerly shear, 2) unidirectional easterly shear, 3) nonunidirectional westerly shear (equivalent to unidirectional westerly shear plus background easterly mean flow), and 4) nonunidirectional easterly shear (equivalent to unidirectional easterly shear plus background westerly mean flow). Recall that the wind profiles of these four shear cases are presented in Fig. 1b . It has been shown that westerly shear has a different effect on TC development than easterly shear with the same magnitude (RF2007; Zeng et al. 2010) , with the former being more frequently seen in observations (Zeng et al. 2010) . A few studies have also examined nonunidirectional shear (e.g., low-level easterly to highlevel westerly; Riehl and Shafter 1944; Aiyyer and Thorncroft 2006) . Previous studies suggest that in considering vertical shear effects on TC intensity change, it is important not only to examine the shear between two standard pressure levels, but also the vertical profile of the shear (Zeng et al. 2010; Wingo and Cecil 2010, hereafter WC2010) . Following these studies, this section compares the impact of unidirectional shear and nonunidirectional shear in two opposite directions (westerly shear and easterly shear) on simulated intensity, track, vertical structure, precipitation distribution, and convective activity. The goal of our analysis is to show that the technique is robust to changes in shear direction and profile, and users may flexibly specify any realistic vertical wind profile. To the authors' knowledge, there are no comprehensive statistical observational analyses regarding which ocean basin typically exhibits a given type of wind shear. However, based on Hadley cell theory, we may surmise that westerly shear (both unidirectional and nonunidirectional) should be more commonly observed in all basins, while easterly shear (both unidirectional and nonunidirectional) occurs primarily during the monsoon season over the Pacific and Indian Oceans. Figure 7 shows the corresponding ensemble mean intensity evolution and track for the four profiles with a moderate shear of 5 m s
21
. In all cases, the application of shear stimulates earlier TC intensification. Storms with easterly shear intensify more rapidly than the westerly shear case following initialization (days 1-3, Fig. 7a ). At the mature stage (days 6-9), easterly shear (cases 2 and 4 in Fig. 7a ) of 5 m s 21 is less detrimental for TC intensification than westerly shear (cases 1 and 3 in Fig. 7a ). This is consistent with previous studies (Tuleya and Kurihara 1981; Bender 1997; Black et al. 2002; RF2007; Zeng et al. 2010) . This is well explained by the beta-shear theory (RF2007), which predicts that easterly shear should have a weaker effect than westerly shear when the tropical cyclone moves in the northwestward direction because the induced southeastward beta shear will partially cancel the easterly shear and partially strengthen the westerly shear. In our later results, we will show that strong easterly shear (15 m s 21 ) is less detrimental than strong westerly shear, as strong shear inhibits TC development. A weak extra mean flow has minor impact on TC intensity (comparing case 1 with case 3, and comparing case 2 with case 4 in Fig. 7a ). In contrast, the track changes significantly with wind shear and extra mean flow. Easterly mean flow shifts the vortex westward, while westerly mean flow shifts it eastward. Westerly (easterly) shear somewhat compensates the effect of easterly (westerly) mean flow on the change in track. A different wind profile with the same magnitude of shear also leads to a different ensemble spread of intensity and track (Figs. 7c and 7d) . Easterly shear results in larger spread in intensity during the intensification stage phase (days 6-7). It also causes larger spread than westerly shear does on track (days 3-10, Fig. 7d ). Nevertheless, all the spread is small. Intensity spread is within 5 m s 21 and track spread is within 18 distance (about 110 km). This provides additional evidence of the numerical robustness of the shear introduction technique. Figure 8 shows the vertical extent of tangential wind for the four shear cases with 5 m s 21 averaged over days 9-10. Compared to the no-shear case (Fig. 4a) , the extent of the outflow is similar (indicated by the 20 m s 21 isotach), but the inner core is weakened as shown by the reduced extent of the 60 m s 21 isotach. This result is consistent with the intensity change shown in Fig. 7a . All four moderate shear cases produce a slightly weaker storm at the mature stage, the vertical structure is generally preserved, and the horizontal wind distribution is retained. This again confirms that the technique of adding shear works appropriately throughout the model integration when combined with the original TC test case. Figure 9 shows the precipitation distribution for the four shear cases. Again, the maximum rainfall rate and greatest areal rainfall extent lie in the DSL quadrant for both unidirectional westerly shear (Fig. 9a) and nonunidirectional westerly shear (Fig. 9c) . Using satellite data, WC2010 showed that westerly shear formed slightly more asymmetric patterns than easterly shear. This can be seen in the slight differences in rainfall distribution between Figs. 9c and 9d. Easterly shear has a different impact on the rainfall distribution than westerly shear. The maximum rainfall in the easterly shear case (Fig. 9b ) occurs in the right-front quadrant (relative to the direction of movement) rather than in the DSL quadrant. This result seems to stand in contrast to previous studies that found that the rainfall maximum tends to occur in the DSL quadrant (e.g., Franklin et al. 1993; Bender 1997) . However, WC2010 also found two easterly shear samples that tended to have more precipitation occurring in the upshear side, which is the case here. We suggest the following explanation for our easterly shear cases. It has been shown that the translational speed and vertical wind shear both affect the precipitation asymmetry. According to Chen et al. (2006) , when shear is ,5 m s 21 , TC translation speed is more dominant than shear in determining the position of maximum precipitation. Even though the prescribed shear here is 5 m s
, the overall shear might be smaller than 5 m s 21 when the beta shear effect is included. The position of the maximum rainfall with respect to the storm direction for westerly shear (Fig. 9a ) and easterly shear (Fig. 9b) is consistent with the results of Bender (1997; see Fig. 15 ), who found that the vertical profile of the asymmetric wind is one of the key factors in determining the structure of quasi-steady asymmetries in the interior region of tropical cyclones. The integrated precipitation over regions where the rain rate exceeds 2 mm h 21 (as circled by the black solid line) for the last 48 h is depicted in the lower-left corner of Figs. 9a-d. Interestingly, while TC intensity under easterly shear is slightly stronger than that of westerly shear, the total precipitation in unidirectional easterly shear is significantly smaller than that of westerly shear (cf. Figs. 9b  and 9a ). This may arise from the reduction of convective activity inside the storm in the easterly shear cases, which will be shown later. The total precipitation is reduced in the nonunidirectional westerly shear case (Fig. 9c ) compared to unidirectional westerly shear (Fig. 9a) due to an extra easterly mean flow. In contrast, for unidirectional easterly shear (Fig. 9b) , an extra westerly flow increases the total precipitation (Fig. 9d) . This suggests that the background mean flow has significant influence on TC precipitation changes even though it has a relatively minor effect on intensity (Fig. 7a) . Figure 10 shows the longitude-height cross section of convective activity (vertical velocity) inside the storm for the four shear cases. We have compared the unidirectional westerly shear (Fig. 10a) to no shear cases in the earlier section. For both easterly shear cases (Figs. 10b and 10d) , the convection along the shear direction (the left convection branch with respect to vortex ), compared to the no-shear case (Fig. 10 e) . The shear-induced asymmetric convective activity is not significant in the nonunidirectional westerly shear case (Fig. 10c) . Generally, the shear-induced asymmetry in convection is consistent with previous studies. This plot also explains the precipitation difference seen in Fig. 9 . The two westerly shear cases tend to have more precipitation than the two easterly shear cases (Fig. 9) because convection in the former situation is generally stronger than that in the latter cases. This is due to the shear-induced asymmetric convection. Also, nonunidirectional westerly shear has slightly weaker convection than that of unidirectional westerly shear. This is why the rainfall is slightly smaller in the former case. The same explanation holds for the rainfall difference between the unidirectional easterly shear case and the nonunidirectional easterly shear case. Figure 11 depicts intensity and track ensemble mean and standard deviation for the strong shear cases (15 m s 21 ). Easterly shear (cases 2 and 4 in Fig. 10a) has a considerably weaker effect on inhibiting TC development than westerly shear (cases 1 and 3 in Fig. 10b ). This finding is consistent with previous idealized numerical modeling studies (Tuleya and Kurihara 1981; RF2007 ). An extra westerly mean flow (cf. case 4 with case 2 in Fig. 10a ) reduces the TC intensity slightly. This is consistent with results obtained by Tuleya and Kurihara (1981) , who found that under uniform westerly environmental flow, the initial perturbation developed more. Wind shear and mean flow both modulate the track. The vortex moves farther to the south (north) under the influence of weak easterly (westerly) vertical shear than it does with no shear (Figs. 3 and 7) , which is to the left side of the track observed in the presence of vertical shear. Wu and Emanuel (1993) and Flatau et al. (1994) also present results that demonstrate cyclone motion to the left of the vertical shear. Combined with Fig. 7 , we see that easterly shear has a weaker effect than the westerly shear, and larger mean flow is more detrimental to TC intensification. The numerical spread for two easterly shear cases is within 5 m s 21 for intensity and 18 distance for track, which is reasonable. : (a) unidirectional westerly, (b) unidirectional easterly, (c) nonunidirectional westerly, (d) nonunidirectional easterly, and (e) no shear. The red arrow indicates the shear direction. Note, unidirectional and nonunidirectional actually describe whether the wind profile that produces the shear changes direction with height or not.
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Summary
Vertical wind shear (VWS) is a key factor in tropical cyclone (TC) genesis and intensification. Furthermore, it provides a possible dynamical connection between Atlantic major hurricane activity and three remote atmospheric patterns: El Niño-Southern Oscillation, eastern Pacific sea surface temperature, and West African precipitation (Goldenberg and Shapiro 1996) . Moreover, very few observed TCs develop in a zero shear environment and previous studies suggest that incorporation of VWS is very important in numerical TC simulations. In this study, we extend a preexisting analytical TC test case to include vertical wind shear in idealized AGCM TC simulations, and apply it to the NCAR/DOE CAM model. While we use this particular model, the framework developed here is extendable to other AGCMs as well.
We evaluate the effect of idealized shear on simulated TC intensity, track, vertical structure, precipitation, and storm convective activity. The results are reasonable and self-coherent. Realistic characteristics of vertical structure, precipitation, and storm convective activity in sheared cases further confirm that the added background shear works appropriately on the original test case during the 10-day numerical integration. The small ensemble spread of intensity and track also validates that the simulations with shear are robust to numerical perturbations. Additionally, the shear-induced intensity change and structural asymmetry is reasonably well captured in this idealized framework.
Consistent with findings from observations and highresolution process studies, weak and moderate unidirectional westerly shear stimulates earlier intensification and produces TCs with comparable intensity to those that develop in the no-shear case. Strong shear of 10 m s 21 greatly inhibits the development of simulated TCs, while very strong shear of 15 and 20 m s 21 completely prevents TC formation. Easterly shear has considerably weaker detrimental effects than westerly shear in modulating TC intensity. Beyond that, the asymmetric features of the TC precipitation distribution and convection induced by vertical wind shear are captured in our idealized framework. The TC track is strongly influenced by background vertical wind shear in a way that depends on which direction the shear is oriented. With nonunidirectional shear, the additional vertically constant mean flow across all the vertical levels has a slightly detrimental effect on intensity and a more significant impact on precipitation change.
A detailed diagnosis of the shear effects on precipitation and cyclone structure is beyond the scope of this paper. Our results agree well with the diagnosis from observations and idealized simulations; however, because of the coarse horizontal resolution, idealized setup of the vortex seed, and the fact that all physical processes are parameterized in the global climate models, the details of our results are not expected to be identical to previous findings, especially with respect to intensity change, vertical structure, and precipitation distribution. The results suggest that the extended technique realistically represents the wind shear effect on TC simulation, provides a robust tool for simulating the interaction between TC intensification and VWS in AGCMs, and thus provides a more realistic and relevant model development tool. It is an extension of the current TC test case of RJ2011, which can be used to evaluate the effect of numerical algorithms, physical parameterizations, and model resolution on the representation of TC development in AGCMs (Reed and Jablonowski 2012) . It can also be used as a tool for intercomparison among different AGCMs by imposing identical initial conditions to evaluate their performance on simulating TCs. for providing us with the current tropical cyclone test case without vertical wind shear and giving insightful suggestions that greatly improved the manuscript. We sincerely thank all the anonymous reviewers for their constructive comments, which greatly improved the manuscript. Colin M. Zarzycki and Christiane Jablonowski were supported by the Office of Science, U.S. Department of Energy (DOE) Awards DE-SC0003990 and DE-SC0006684. Derek J. Posselt was supported by the NASA Earth Venture Award NNL13AQ00C.
APPENDIX
Derivation of the Analytic Initial Conditions
Implementation of the vertical wind shear in the current TC test case consists of adding an extra zonal wind term as shown in Eq. (1), and then modifying the temperature field to maintain a gradient thermal wind balance. In essence, we impose an additional wind field in thermal wind balance on top of the initial conditions derived by RJ2011, who assumed a zero base-state wind field. Given a specified vertical profile, we seek the corresponding temperature distribution associated with the value of the vertical wind shear. In this case, vertical wind shear is essentially induced by the application of a horizontal temperature gradient. The derivation follows the methodology used by Jablonowski and Williamson (2006b) in their development of a baroclinic wave test case. The derivation uses pressurebased hybrid h vertical coordinate (Simmons and Burridge 1981) , and starts from the adiabatic and frictionless primitive equations in spherical (l, u) coordinates. Note that if the surface pressure is constant and equal to the hybrid reference pressure p 0 5 p s , then h 5 p/p s resembles the s coordinate, which is the case here.
The u-and y-momentum equations, as well as the hydrostatic equation in (l, u, h) coordinates are given by
The Coriolis parameter is defined as f 5 2V sinu, and a is the radius of the earth. Note that T denotes the virtual temperature in this section as the air is moist. This is the same for the T in all following equations. The equation of state is
where r denotes the air density. In addition, the substantial derivative d/dt is defined as
For p s 5 p 0 5 1000 hPa with p 5 hp s , the associated form of the hydrostatic equation is
where F* and T* indicate the deviations from the horizontal mean geopotential and temperature fields, respectively, that correspond to the added zonal wind.
The goal is to derive an analytic, steady-state balanced initial background T distribution [T 5 hT(h)i 1 T*(l, u, h)]. To do so, four steps are needed: 1) Choose a nondivergent wind field u and y and a constant p s :
u 5 u 0 cosu(tanhh y 1 1:0) 1 u 1 cosu, y 5 0, p s 5 1000 hPa.
Here h y is defined as h y 5 6(1 2 h) 2 3:0. Thus, h 0 y 5 ›h y /›h 5 26. Here u 0 determines the amplitude and direction of the wind profile. 2) Choose the horizontally averaged temperature profile hT(h)i. This is done in height (z) coordinates using hT(h)i 5 T 0 2 Gz.
Thus, the total temperature profile is T(l, u, h) 5 hT(h)i 1 T*(l, u, h)
where z 5 T 0 (1 2 h R d G/g )/G. Here T 0 is the sea surface temperature in our case. The task now is to derive T*(l, u, h), which we obtain from F*(l, u, h) based on Eq. (A5). 3) Derive F*(l, u, h).
The derivation starts from the y-momentum equation [Eq. (A2)]. A steady-state solution with dy/dt 5 0 is sought. In case of a constant p s field › lnp/›u vanishes on constant h surfaces. Simplifying Eq. (A2), we get 1 a ›F* ›u 5 2u 2V sinu 1 u a tanu .
Insert the wind profile u 5 u 0 cosu(tanhh y 1 1:0) 1 u 1 cosu into Eq. (A9), and then integrate analytically over u. Let X 5 u 0 (1 1 tanhh y ) 1 u 1 , then u 5 X cosu. The integration leads to F*(l, u, h) 5 1 4 (2X aV 1 X 2 ) cos(2u) 1 F 0 (h).
Recall that h y 5 6(1 2 h) 2 3:0 and X 5 u 0 (1 1 tanhh y ) 1 u 1 . Here F 0 (h) is a level-dependent integration constant. Use the condition that the area mean of F* vanishes: 
Thus, the temperature is T(l, u, h) 5 T 0 2 Gz 1 T*(l, u, h), where h 5 p p s , and z 5
All derived fields describe the background flow in which a vortex seed is embedded. The corresponding u, y, T, p, and q of the initial vortex seed remain the same as those in RJ2011. The tangential velocity of the vortex seed is consistent with Eq. (17) in RJ2011 and the way to compute u and y is the same as that shown in Eqs. (22) and (23) of RJ2011. The temperature field defining the vortex seed is in Eq. (15), the pressure field is in Eq. (7), and the specific humidity q is specified in Eq.
(1) of RJ2011. Consider a unidirectional westerly vertical profile as an example (note: u 1 5 0 for this type of wind profile), the background u, y, T, p, and q fields are as follows: 1) u 5 u 0 cosu(tanhh y 1 1:0), y 5 0, where h y 5 6(1 2 h) 2 3:0; 2) T(u, h) 5 T 0 2 Gz 1 12h/R d (1/4 cos2u 2 1/12)(1 2 tanh 2 h y )[u 0 aV 1 u 2 0 (tanhh y 1 1:0)], where T 0 5 SST, and the sea surface temperature (SST) is set to a constant 302.15 K everywhere (zero horizontal temperature gradient at surface). The horizontal temperature gradient increases with height, and reaches its maximum in the midtroposphere where the wind shear is greatest. When the wind shear approaches zero in the upper troposphere, the horizontal temperature gradient diminishes to zero; 4) p 5 hp s , where p s is surface temperature; 5) q is the same as Eq. (1) in RJ2011; and 6) the tropopause height remains 15 km everywhere.
